EngA is a conserved bacterial GTPase involved in ribosome biogenesis. While essential in bacteria, EngA does not have any human orthologue and can thus be an interesting target for new antibacterial compounds. EngA is the only known GTPase bearing two G domains, making unique its catalytic cycle and the induced modulation of its conformation and interaction with the ribosome. We have investigated nucleotide-induced conformational changes in EngA in order to unveil their role in ribosome binding. SAXS and limited proteolysis were used to probe EngA conformational changes, and revealed a change in protein structure and a distinct rate of proteolysis induced by GTP. Structure analysis showed that the conformation adopted in solution in the presence of GTP does not match any known EngA structure, while the SAXS data measured in the presence of GDP are in perfect agreement with two crystal structures (i.e. 2HGJ and 4DCU). Combination of mass spectrometry and N-terminal sequencing for the analysis of the fragmentation pattern upon proteolytic cleavage gave insights into which regions become more or less accessible in the different nucleotide-bound states. Interactions studies confirmed a stronger binding of EngA to the bacterial ribosome in the presence of GTP and suggest that the induced change in conformation of EngA plays a key role for ribosome binding.
Introduction
Bacterial GTPases involved in the ribosome assembly form a cluster conserved throughout evolution. In comparison with well-known molecular switch GTPases, they are characterized by a moderate-to-high intrinsic GTPase activity, a low affinity for the nucleotide (K D in the lM range) and a fast nucleotide exchange [1] . This suggests that the catalytic cycle of ribosome assembly GTPases may not be regulated by the action of GEF and GAP. Among these GTPases, C-terminal domain that resembles a K-homology domain (KH domain). Moreover, EngA is present and essential in several eubacterial species [3] [4] [5] . It is part of the "minimal bacterial genome" [6] and is not present in archaeal and eukaryotic organisms except in some higher plants such as Arabidopsis thaliana where it has a subcellular localization in chloroplasts [7] . It could thus constitute an interesting potential therapeutic target for antibacterial drugs. A link between EngA and ribosome biogenesis was first shown by Tan and collaborators [8] who demonstrated that EngA rescued a null mutation of an rRNA methyltransferase, suggesting functional interactions with the 50S subunit. Several studies in Escherichia coli and Bacillus subtilis have shown that EngA-depleted cells have decreased levels of 70S and accumulation of free ribosomal subunits 30S and 50S [9] [10] [11] . Precursors and aberrant 50S subunit were also present in such strains, indicating that EngA might play a role in the maturation and stabilization of the large ribosomal subunit [10, 11] .
Interaction of EngA with the 50S subunit [9, 10, 12, 13] and with the 70S ribosome [11, 13] was shown in E. coli, B. subtilis and Mycobacterium smegmatis, in the presence of GTP analogues. Interaction of EngA with the 30S subunit was also suggested to occur in a nucleotide-specific manner by the work of different groups [10, 13] , and specific interaction with the ribosomal protein S7 was shown in Salmonella typhimurium by both pulldown assays and ITC experiments [14] . The interaction with the 50S subunit was proposed to occur when EngA has a GD1:APO/GD2: GTP occupancy and to be further stabilized when GD1 binds GTP. When GDP is bound to GD1, however, interdomain interactions between GD1 and KH domains shift the affinity of EngA towards the 30S subunit [13] . Conversely, a study with M. segmatis EngA indicates that binding of EngA to the 30S occurs regardless of the presence of nucleotides [12] .
Structural investigations were carried out to assess whether the nucleotide binding on either one or both EngA G domains would induce different conformations and different abilities to interact with the ribosome. All EngA structures present in the PDB are listed in Table 1 . The first EngA crystal structure was obtained for Thermotoga maritima EngA, with two phosphate ions bound to the GD1 nucleotide-binding site and one GDP molecule bound to the GD2 nucleotide-binding site (PDB entry 1MKY, [15] ). Then, structures of B. subtilis EngA were obtained with either GDP bound to the two G domains (PDB entries 2HJG [16] and 4DCU [17] ), or with GD1 in an apo form and GMPPCP in the GD2 nucleotide-binding site (PDB entry 4DCV, [17] ). While 2HJG, 4DCU and 4DCV structures are very similar, 1MKY adopts a different conformation, with a large movement of the GD1 domain relatively to the GD2-KH part of EngA, which remains unaltered. Although the GD1 nucleotide-binding site contained only two phosphate ions, this conformation was proposed to represent the GTPbound form of EngA in several studies [15, 16] .
Recently, the structure of E. coli EngA bound to the PTC of the 50S ribosomal subunit was determined by cryo-EM (PDB entry 3J8G [18] ). A mechanism was hence proposed, where EngA acts as an rRNA chaperone by binding to the PTC and facilitating its assembly. A more recent cryo-EM analysis on the large subunit from EngA-depleted B. subtilis [19] revealed the presence of a late-assembly 45S intermediate presenting immature conformations of the A, P and E sites, central protuberance and L7/12 stalk. Analysis of these intermediates suggested that EngA must be critical for the remodelling of RNA helices of the functional PTC core. Interestingly, the phosphate-bound form of EngA observed in 1MKY is clearly not an intermediate step between the GDP-bound form, illustrated by 2HJG and 4DCU, and the conformation of EngA adopted when bound to the 50S ribosomal subunit (3J8G). Therefore, the mechanism by which GTP could trigger a change in conformation and enhance EngA binding to the 50S subunit remains to be determined. Here, we have investigated the role of the nucleotide binding on EngA conformation in solution and its ability to enhance EngA interaction with the ribosome. Our data strongly suggest that the 2HJG crystal structure actually represents the GDP-bound form in solution while in contrast to a previously proposed hypothesis the 1MKY structure is unlikely to represent the GTP-bound form. Combination of mass spectrometry and N-terminal sequencing for the analysis of the fragments produced by limited proteolytic cleavage provided insights on regions becoming more or less accessible in the different nucleotide-bound states, and suggested a timeline sequence for the GTPinduced change in conformation. Overall, our data suggest that EngA could be a sensor of GTP concentrations with observed conformational changes occurring within the range of physiological GTP concentrations, and contribute to ribosome biogenesis when this concentration is sufficiently high.
Results

GTP analogues trigger a change in conformation in solution
We have used the SAXS technique to assess the conformation of EngA in solution and to determine whether a change in conformation is induced by the presence of GTP or analogues. First, the His-EngA WT in its apo form was investigated. Because a pure and monodisperse sample is of paramount importance to collect interpretable SAXS data, we looked for the presence of aggregates by carefully comparing scattering curves of apo EngA obtained either from a thawed and centrifuged sample using the automated sample changer or from a sample immediately eluted from a size exclusion chromatography column using an FPLC system directly connected to the beamline. Since the two scattering curves were nearly identical (Fig. 1A) , with no indication for the presence of aggregates in the Guinier region (Fig. 1B,C) , we concluded that centrifugation was sufficient to remove all possible aggregates and get a proper monodisperse sample. The Guinier analysis provided a radius of gyration of 27.1 A and an estimated molecular mass of 37.0 kDa ( Table 2 ). The radius of gyration is consistent with a monomeric state of EngA and close to the one calculated from the GDP-bound structure of Bacillus subtilis EngA, as observed in 2HJG and 4DCU PDB entries. The lower than expected estimated mass from I(0) analysis (37.0 instead of 50.8 kDa) may originate from the fact that a nucleotide could remain tightly bound to the GD2 domain. A guanine nucleotide significantly absorbs light at 280 nm (extinction coefficient e % 7720 M When the e value corresponding to a EngA-1 GDP complex is used for concentration calculation, the apparent mass estimated from the Guinier analysis is 45.6 kDa, still lower to actual mass of EngA but within the~10% accuracy usually observed in SAXS experiments [20] . In T. maritima EngA, a GDP molecule was still present in the GD2 nucleotide-binding site, even after purification steps and crystallization without nucleotides [15] , indicating that the dissociation between GD2 and GDP is a very slow process. Thus, our SAXS experiment suggests that one GDP molecule might have remained tightly bound to B. subtilis EngA, despite the absence of nucleotide during purification process. For the sake of clarity, EngA purified without nucleotide will still be named apo EngA thereafter. The pair distance distribution calculated by the GNOM program [21] indicates a D max of 93 A and a quasi globular structure, in good agreement with available crystal structures ( Fig. 2A) . The CRYSOL program [21] was then used to check whether the conformation of apo EngA in solution was closer to one of the EngA conformations known so far (4DCU, 1MKY, 3J8G). The fit provides an unambiguous answer, with a very good agreement between the experimental scattering curve of apo EngA and the theoretical curve calculated from the 4DCU structure with CRYSOL (v 2 = 3.16). The fit with 1MKY and 3J8G models (v 2 values of 32.14 and 45.32 respectively) clearly indicates that these models do not match the conformation present in solution (Table 3 , Fig. 3A ). Our data suggest that the apo EngA in solution, that may keep one GDP molecule bound to its GD2 domain, adopts a conformation close to the one observed in 2HJG and 4DCU crystal structures.
À1
Next, we decided to investigate the influence of the nucleotide on the EngA conformation. Experiments were thus carried out in the presence of GDP or GTP analogues (GMPPNP and GMPPCP) at two different concentrations, 1 and 10 mM. Experimental scattering curves in the presence of GDP at either 1 or 10 mM did not show any significant difference with the one in the apo form (Fig. 4) . The fit of theoretical scattering curves calculated with the 3 different EngA models with experimental curves demonstrate a very good agreement between 4DCU and EngA-GDP complex in solution (v 2 values of 2.78 and 2.28 for 1 and 10 mM GDP respectively). Significant differences with scattering curves calculated with either 1MKY or 3J8G models were observed ( Table 3 ). The comparison of the radius of gyration also leads to the same conclusion. For these reasons, the EngA conformation observed in 2HJG and 4DCU will be called EngA apo/GDP from now on. In the presence of GTP analogues, the experimental scattering curve depends on the nucleotide concentration. With 1 mM GMPPNP, the experimental scattering curve does not differ much from the one collected without nucleotide (apo) or in the presence of GDP (Fig. 4) . The radius of gyration remains close to 27 A and the fit with the theoretical scattering curve calculated from EngA apo/GDP models is significantly better than the ones based on 1MKY and 3J8G models (Table 3 ). In the presence of 10 mM of either Since the OD could not be measured in the presence of 10 mM nucleotide in the buffer, the concentrations were estimated by optimizing the fit of the scattering curve with the one of the apo form.
GMPPNP or GMPPCP, the experimental scattering curve is significantly different, with a larger D max and a larger radius of gyration (between 28.5 and 29 A in comparison to 27 A for EngA apo/GDP , Table 2 ). For both GTP analogues, we could not identify a known structure that provides a perfect fit with the experimental scattering curve. The fits observed were never as good as the one observed for apo EngA or EngA-GDP and the EngA apo/GDP models (Fig. 3B ). As shown in Table 3 , the v 2 values are smaller for 1MKY and larger for 3J8G, but none of them is as high as the calculated v 2 values when either 4DCU and 1MKY or 4DCU and 3J8G are compared (Table 3) . Therefore, the data obtained in the presence of 10 mM GMPPNP or 10 mM GMPPCP indicated that in these conditions, the EngA conformation not only differs significantly from EngA apo/GDP but also from the two other known conformations (1MKY and 3J8G). Thus, our SAXS data strongly suggest that a conformational change is induced when 10 mM GTP analogue are added. The analysis of the distribution of interactomic distance pairs P(r) further supports this hypothesis. In the presence of 10 mM of GTP analogue, the P(r) function is significantly different and indicates the presence of longer interactomic vectors, in agreement with a larger radius of gyration (Fig. 2B ). It also significantly differs from the P(r) calculated with either one of the three known EngA structures. Moreover, it could not be considered as the weighted sum of two of them. Therefore, the possibility of interpreting EngA GTP experimental scattering by a mixture of either EngA apo/GDP and 1MKY or EngA apo/GDP and 3J8G conformations can be excluded.
High nucleotide concentration decreases EngA dynamics
Small-angle X-ray scattering enables to obtain some information about the dynamics of protein in solution by looking at the Kratky plot. For all EngA samples, the Kratky plots indicate that EngA adopts a wellfolded conformation, illustrated by a bell-shaped curve ( Fig. 1B-H) . However, one can observe a moderate linear increase at high q range, suggesting the presence of some flexible regions [22] . This is consistent with the presence of flexible switch regions in both GD1 and GD2 domains. Interestingly, the increase at high q range is significantly less pronounced for EngA samples that contain 10 mM of either GDP, GMPPNP or GMPPCP, suggesting the presence of high nucleotide concentration is further stabilizing EngA, regardless of its nature. Such a stabilizing effect of the nucleotide was previously observed by thermal denaturation experiments [17] .
GTP analogues modulate the accessibility of trypsin cleavage sites on EngA
Limited trypsin digestion was used to investigate if a change in conformation occurs in the presence of GTP analogues. The digestion of EngA was followed over 2 h in the absence of nucleotide or in the presence of either 10 mM GDP or 10 mM GMPPCP, and resolved by SDS/PAGE (Fig. 5A ). The digestion profile is basically identical for the apo EngA and EngA-GDP. The profile obtained in the presence of GMPPCP shares most of the bands seen in the apo EngA and EngA-GDP but the evolution of band intensities with time is different (see below). Mass spectrometry (MS) and Nterminal sequencing have been used to identify the fragments produced by trypsin digestion and assign the different bands observed on the gels. Mass spectrometry analysis was performed after 15 and 120 min of digestion, on the three EngA samples (apo, 10 mM GDP and 10 mM GMPPCP). Seven fragments that either end or start at a putative trypsin cleavage site could be identified ( Table 5 ). Based on the presence of five cleavage sites identified (Fig. 6A) , 20 different fragments of EngA could theoretically be generated by the digestion, in addition to the full-length protein (Table 6 ). Twelve of these fragments could be observed on SDS/PAGE and have been assigned P1 to P12 labels. The fragments observed by mass spectrometry correspond to the most intense bands on the gels (Fig. 5A) . While the cleavage sites are overall conserved, regardless of nucleotide addition, the kinetics of digestion is significantly different. In the presence of 10 mM GMPPCP, 50% of the full-length protein (P1 & P2 as they could not be properly separated on the gels) is digested in about 10 min, while in the presence of GDP or for the apo form, about 25 min are required for half digestion (Fig. 5B) . No significant amount of the À18 G-236 K fragment (P4) is observed after 15 min in the presence of 10 mM GMPPCP, while more than 30 min are required without nucleotide or in the presence of 10 mM GDP. MS experiment confirms that the digestion of the tag fragment is significantly faster in the presence of GMPPCP, as the amount of full-length protein (P1) and N-terminal fragment À18 G-238 K (P4) remaining after 15 min digestion is not detectable. The gels also show that in addition to bands P1 and P2 that vanish more rapidly, bands P4, P5 and P6 appear earlier in the presence of GMPPCP (Fig. 5A ). This is confirmed by mass spectrometry data showing that the À2 G -238 K (P5) fragment is more abundant in the presence of 10 mM GMPPCP, after 15 min of digestion. Altogether, these results clearly indicate that two cleavage sites, À3 R and 236 K/ 238 K, are the first to be cleaved by trypsin ( Fig. 6B ) and are even more prone to trypsin digestion in the presence of 10 mM GMPPCP, than in the absence of nucleotide or in the presence of GDP. This suggests that the tag may be more accessible in the presence of GTP analogues than in the presence of GDP or in the apo form. The analysis of the EngA apo/ GDP structure indicates that the access to the À3 R cleavage site by trypsin might be partially hindered by the GD1-GD2 linker and the neighbouring GD2 domain, while it seems fully accessible in the 50S ribosome-bound form (PDB entry 3J8G), in line with our digestion data (Fig. 7) . Therefore, the present digestion results do support a change in quaternary structure induced by the presence of GTP analogues. Our results also suggest that the 236 K/ 238 K cleavage site, located in the GD2 switch II region is more accessible to trypsin. This region is well exposed to the solvent in EngA apo/GDP . However, it is well ordered in EngA apo/GDP , with the 236 K pointing towards the phosphate moiety of the nucleotide. Structural analysis of the EngA apo/GDP conformation indicate that the GD2 switch II region should undergo a change in conformation to allow the switch I to adopt its catalytically competent conformation. Our data suggest that in this GTP-bound conformation, the 236 K cleavage site is more accessible to trypsin.
In addition, another cleavage site exhibits a different behaviour, depending on the nucleotide content. The fragment À2 G-188 K is generated more rapidly in the presence of GMPPCP, as confirmed by both the gels (P7 band) and the mass spectrometry data at 120 min. 188 K is in the P-loop of the GD2 domain, and its access is partially hampered by the switch II region in EngA apo/GDP . It thus suggests that trypsin first cleaves the GD2 switch II region and then the P-loop, providing a plausible explanation for the later emergence of this P7 fragment, in comparison to P4, P5 and P6. This is related to the fact that GMPPCP favour an earlier onset of this fragment, in connection with a faster digestion of the 236 K/ 238 K cleavage site described above.
GTP-induced conformational change is associated with enhanced ribosome binding
To examine the nucleotide-dependent binding of EngA to the ribosome, the interaction was probed in the absence and presence of GDP and GTP analogues, using an ELISA. Since our results from SAXS and trypsin digestion experiments indicated that a change in EngA conformation was observed at 10 mM GTP analogues but not at 1 mM, different nucleotide concentrations were tested in the ELISA. The GTP-bound state of EngA has been previously shown to be prone to bind to either the 50S [10] or the 70S [11] ribosome. We speculated that, if a change in conformation does relate to EngA-binding ability, an increased affinity would be observed in the presence of 10 mM GTP analogues.
The 70S ribosomes were used to coat a 96-well plate and His-EngA WT was added and probed with a conjugated anti-polyhistidine antibody. The interaction curves show a nucleotide-dependent binding of EngA to the 70S ribosome (Fig. 8) . Our results show that EngA is able to bind the 70S ribosome in the apo-state and that the interaction is slightly destabilized by 1 mM GDP. Such an inhibitory effect of GDP on the interaction between EngA and the ribosome had already been observed in previous studies [10, 11, 13] . The presence of 1 mM of either GMPPNP or GMPPCP provides a similar interaction curve to that of GDP. This suggests that 1 mM triphosphate nucleotide is not enough to induce a change in the affinity of EngA for the ribosome, consistent with SAXS data that showed that 1 mM GTP analogues were not able to trigger any conformational change. Increasing either GMPPNP or GMPPCP concentration to 10 mM greatly enhances the binding of EngA to the ribosome (Fig. 8) . This strongly suggests that the conformational change observed by SAXS and limited proteolysis for EngA is associated with its ribosome binding capability. The presence of 10 mM GDP does not significantly affect the affinity for the ribosome, suggesting that the increase in binding observed with 10 mM GTP analogues is truly specific of the triphosphate nucleotide and not due to a side-effect of high nucleotide concentrations in solution.
Discussion
Conformation of the GDP-and GTP-bound form of EngA differs in solution
The GTPases are undertaking conformational changes along their catalytic cycle that influence their ability to bind with biological effectors. For monomeric GTPases, these changes are essentially confined to the two switch regions. Since EngA contains two G domains, changes in the quaternary structures may also be expected, making the switch mechanism more complex. The structure of EngA from different organisms has already been determined by either Xray crystallography or cryo-electron microscopy in three different conformations [15] [16] [17] [18] . However, whether these different conformations correspond to different states along the GTPase catalytic cycle or are due to difference in species, in crystallization condition or in crystal packing is a complex issue to address. In order to avoid any bias induced by the interactions within the crystal, we have investigated the structural characteristics of EngA in solution by SAXS. Our results clearly suggest that B. subtilis EngA either in the apo form or in the presence of GDP adopts a conformation in solution, EngA apo/GDP , very close to that observed in the crystalline state (2HJG, 4DCU, [16, 17] ). It is, however, possible that what we consider to be the apo EngA already contains 1 tightly bound GDP in GD2 (see below) and thus possibly represents a GDP-bound state of EngA even without the addition of GDP. On the other hand, in a previous characterization of B. subtilis EngA, we showed that the addition of GDP to apo EngA triggered a large increase in the melting temperature T m (i.e.~15°C) supporting the idea that EngA was either free from bound nucleotide or that if it already contained one tightly bound The cleavage sites are depicted by orange spheres. The 4DCU structure has been used as 3D model. GD1, GD2 and KH domains are shown in pale orange, pale yellow and blue, respectively. GD1 G4 motif (residues 122-130), not visible in 4DCU, has been modelled in light grey. The linker between GD1 and GD2 is shown in dark grey.
GDP, the saturation of the second nucleotide-binding domain by GDP (e.g. GD1) was responsible for this large increase in stability [17] . Notwithstanding this possibility, our data show that the EngA apo/GDP conformation corresponds to the "off" state of the enzyme, in either its apo or GDP-bound form. With the aim of triggering a change in conformation in solution, SAXS experiments were carried out in the presence of GTP analogues (GMPPNP or GMPPCP). Our results show that a concentration of 10 mM GTP analogue is required to observe a change in conformation by SAXS. The standard deviation of our SAXS data is low enough to show that unexpectedly, none of the crystal structures available perfectly match the experimental curve, since the v 2 estimating the deviation between the experimental scattering curve and any of the three models is significantly lower than the v 2 estimating the difference between each pair of models (Table 3 ). Since the experimental P(r) cannot be considered as a weighted average between two model P(r) curves (Fig. 2B) , we can deduce that it also does not correspond to a mixture of known structures. Kratky plots of apo, GDP-bound and GTP-bound EngA (Fig. 1B-H) further support the presence of a stable quaternary structure as they do not show any dynamical features that could suggest the presence of a moving domain, relatively to the others. The analysis of the trypsin digestion experiments further supports our SAXS data. Among the two cleavage sites that are more rapidly cloven in the presence of 10 mM GTP analogues, À3 R and 236 K/ 238 K, the first one is located at the end of the N-terminal tag and is expected to be more exposed to the solvent in the GTP-bound form. Indeed, in the EngA apo/GDP conformation, the access to À3 R is partially hindered by the GD1-GD2 linker and the GD2 domain. This site is even less accessible to the solvent in the 1MKY EngA structure (Fig. 7) , while it is fully accessible in the 3J8G structure. 236 K/ 238 K is in the GD2 switch II region, which should undergo a conformational change to allow GD2 to fulfil the hydrolysis of the bound GTP. The Kratky analysis of the SAXS data suggests that the EngA change in conformation upon GTP binding comes with a stabilization of EngA, precluding any increase in the flexibility that could also have supported a higher susceptibility to trypsin digestion. Altogether, these observations suggest that the GTP-bound form in solution adopts a stable conformation which has not yet been determined and is observed only when the GTP concentration reaches 10 mM.
The GTP-bound conformation of EngA in solution appears significantly different from the conformation observed when bound to the 50S ribosome (3J8G structure), although both were obtained in the presence of GTP analogues and may represent the "on" state of EngA. The EngA-50S complex structure (3J8G) clearly indicates that the EngA apo/GDP conformation is not compatible with a similar mode of docking to the 50S ribosomal subunit since several GD1 residues that are involved in the GD1/KH interface in the EngA apo/GDP conformation are forming interaction with the L1 protein and the RNA in the 3J8G structure. Both our SAXS and trypsin digestion data strongly suggest that the presence of the GTP analogue is able to induce a quaternary structural change in EngA, in which the GD1/KH interface is disrupted. The observed difference in radius of gyration leads us to suggest that the GTP-bound conformation observed in solution may represent an intermediate state between the EngA apo/GDP and the ribosome-bound state. This GTP-bound state may be prone to bind the 50S ribosomal subunit, provided additional conformational adjustments occur upon interaction with ribosomal components.
Our data do not support the hypothesis made in several studies [13, 15, 16, 23 ] that 1MKY could correspond to the GTP-bound EngA conformation. The different conformation observed in 1MKY may come from the different crystal packing and/or from the different crystallization conditions. In fact, the crystallization solution contains 2 M sodium-potassium phosphate that certainly explains the presence of the two phosphate ions in the GD1 nucleotide-binding site. Moreover, this very high ionic concentration may have contributed to the disruption of the GD1/KH interface observed in the EngA apo/GDP conformation, that essentially relies on acidic (GD1) or basic (KH) amino acids [16] .
The GTP concentration that induces a change in conformation also enhances the interaction with the ribosome Our data indicate that similar levels of GTP concentration are required to either induce a conformational change on EngA or increase the binding of EngA to the ribosomes. The need of 10 mM nucleotides to induce a change in conformation may seem unexpected given the effect of nucleotides on ribosome binding observed by other groups using lower concentrations (0.1-1 mM, [10] [11] [12] [13] ). The difference may come from the fact that the apo EngA produced for the present study seems to retain GDP bound to the GD2 domain. Thus, a higher GTP concentration may be required to perform the exchange with the bound GDP molecule. Interestingly, the GTP pool has been determined in E. coli as being in the order of the
B.s. GDP bound form (4DCU)
T.m. PO 4 /GDP bound form (1MKY)
E.c. 50s ribosome bound form (3J8G) Fig. 7 . Solvent accessibility of the EngA N-terminal end. The molecular surface of Bacillus subtilis GDP-bound form (top, PDB entry 4DCU), Thermotoga maritima PO 4 ions/GDP-bound form (middle, PDB entry 1MKY) and Escherichia coli 50S ribosomebound form (bottom, PDB entry 3J8G) is depicted in gold (GD1 domain), yellow (GD2 domain) and blue (KH domain). The linker between GD1 and GD2 is shown in dark grey and the N-terminal residue is shown in orange. millimolar range (1.7-4.9 mM) [24, 25] and can be subjected to large variations in response to different stimuli: from 0.4 mM up to GTP levels over 10 mM [26] , while the GDP concentration remains more stable in the 0.1-0.7 mM range [24, 25] . Our data indicate that, in the presence of bound GDP on EngA, the critical GTP concentration to induce a conformational change in EngA and an increase in its affinity for the ribosome is in the 1-10 mM range. Altogether, this suggests that EngA can be an efficient sensor of these variations in GTP intracellular concentration and modulate its interactions with the ribosome according to it. Indeed, previous observations had suggested that EngA, as well as other ribosome assembly GTPases, could be involved in sensing nucleotide concentrations to regulate ribosome synthesis according to the cell requirements [27, 28] . Here, we show that EngA may switch from the "off" to the "on" state and modulate its ability to interact with the ribosome within the range of GTP concentration observed in vivo.
Nucleotide affinity for GD1 and GD2 nucleotidebinding sites Our SAXS data would be consistent with the conclusion that a GDP molecule remains bound to B. subtilis EngA after the purification steps performed without any nucleotide. This observation suggests that one of the G domains has a high affinity for GDP. In T. maritima, a GDP molecule was observed bound to the GD2 domain, while the purification and the crystallization steps were performed without nucleotide [15] . For B. subtilis, all crystal structures obtained so far contain either GDP or GTP analogues in the GD2 domain. When present in the crystallization solution, phosphate or sulphate ions efficiently compete with GDP for the GD1 nucleotide-binding site. As a consequence, GDP is observed in the GD1 nucleotidebinding site only if the crystallization buffer does not contains any phosphate or sulphate ion. Moreover, GTP has never been seen bound to the GD1 of B. subtilis EngA, even with GTP analogue concentration as high as 10 mM (data not shown), suggesting a very low affinity of the GD1 for GTP when EngA is in the EngA apo/GDP conformation. Available structural data provide further support for a low affinity for the GD1 nucleotide-binding site, since in the context of the fulllength protein, the G4 motif of the GD1 domain is always disordered [16, 17] , hampering its role in stabilizing the guanine base of the nucleotide through the conserved aspartic acid side chain. Therefore, all these observations strongly suggest that as for T. maritima, B. subtilis EngA possesses a low-affinity nucleotidebinding site in the GD1 domain and a high-affinity binding site in the GD2 domain.
From GTP-induced switch rearrangements to change in quaternary structure Two phenomena can possibly monitor the sensitivity of EngA to 1-10 mM GTP concentrations: the low affinity of the GD1 domain for the nucleotide and/or the high affinity of the GD2 domain for GDP that may prevent rapid exchange between GDP and GTP. Structural data confirm that GDP/GTP exchange in the GD2 domain is obtained in the above mentioned range of GTP concentration [17] . The trypsin digestion data presented here also indicate that the GD2 switch II adopts a new conformation in the presence of GTP, in line with the fact that switch II loop conformation observed in EngA apo/GDP has to move for a proper ). Each point corresponds to the mean of n independent sets of results and error bars represent the standard error where n varies between 2 and 6 depending on the samples.
positioning of the switch I region for the catalysis. Thus, the most probable hypothesis is that the binding of GTP to GD2 will trigger a change in both the switch II GD2 conformation, enabling the GD2 switch I to adopt a conformation compatible with the hydrolysis of the GTP. Then, the change in EngA quaternary structure will occur. Whether the hydrolysis of the GD2-bound GTP is required for this change in conformation to occur and how the structural changes in the GD2 could trigger the loosening of the GD1 and KH domains interface remain unknown. Nevertheless, this change in EngA conformation may in turn induce some changes in the affinity of GD1 for the nucleotide. Cooperativity between GD1 and GD2 has already been suggested by GD2 mutations affecting significantly the enzymatic activity of the whole enzyme, while the activity of the GD1 has been shown to account for most the whole EngA activity [9, 17] . Consistent with a possible cooperativity, the behaviour of the isolated GD1 domain seems different from the one in the context of the whole protein. A structure of B. subtilis EngA GD1, recently deposited in the PDB (4KYU) shows that the G4 motif is ordered and stabilizes the guanine base in a canonical fashion. Such an observation supports the GDP/GTP affinity for the B. subtilis GD1 construct, found to be in the lM range [17] . Binding of GTP to GD1 may stabilize the GD1 switch regions and thereby facilitate the binding with 50S ribosomal subunit.
Materials and methods
EngA production and purification
Wild-type B. subtilis EngA was cloned into a pET15b vector overexpressed as described in [11] . Purification was performed using a protocol similar to the one described in [17] . In brief, after overexpression for 4 h at 37°C, the harvested cells were resuspended in 20 mL lysis buffer (50 mM Tris-HCl pH 8, 250 mM NaCl, 10 mM imidazole, 1 mM PMSF, 1 mM DTT, 2 lgÁmL À1 DNAse I) and lysed using a microfluidizer (three cycles, 15 000 psi). The lysate was then centrifuged for 45 min at 30 000 g at 4°C to remove cell debris. The supernatant was applied onto a Ni-nitrilotriacetic acid agarose column equilibrated with a washing buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 20 mM imidazole). The resin was washed with 10 column volumes washing buffer, and the protein was eluted using 5 column volumes of elution buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 300 mM imidazole, 10% glycerol Ribosomes production and purification
Ribosomes were purified from a culture of Bacillus subtilis grown in LB medium at 37°C until a final OD at 600 nm of 0. 
Limited proteolysis by trypsin
Limited proteolysis of His-EngA WT was performed at 20°C in 50 mM Tris-HCl pH 8.0, 250 mM NaCl and using an enzyme to substrate ratio of 1 : 600. The assay was performed after incubation of EngA for 15 min at 37°C in the absence of nucleotides or in the presence of 10 mM GDP/MgCl 2 or 10 mM GMPPCP/MgCl 2 . Aliquots were collected at time intervals and the reaction stopped by the addition of 2 9 denaturing loading dye and incubation at 95°C for 10 min. The digestion pattern was visualized by Tricine-SDS/PAGE on 15% acrylamide gels stained with Coomassie brilliant blue G-250 solution. The gels were processed for fragment analysis using ImageJ 1.49 and ImageLabTM 4.0 softwares. Mass spectrometry (MS) analysis was employed for identification of the fragments generated by tryptic cleavage of His-EngA WT . MS analysis was done by electrospray ionisation (ESI) coupled to a time-of-flight (TOF) mass spectrometer, using the system 6210 LC-ESI-TOF (Agilent Technologies). In addition, N-terminal amino acid sequence determination of fragments in solution was done using the ProciseÒ Sequencing system 492 (Applied Biosystems), based on the Edman degradation reaction. Nterminal residues were identified using a 140C HPLC system (Applied Biosystems). Retention times and integration values of peaks were compared to the chromatographic profile of a standard mixture of derivatized amino acids. 
ELISA
Sample preparation for Small angle X-ray scattering
Frozen recombinant EngA were thawed and centrifuged for 30 min at 16 000 g and 4°C. A PD10 gel filtration column (GE Healthcare) was used to exchange the EngA WT storage buffer to 50 mM Tris-HCl (pH 8.0), 250 mM NaCl. This buffer was used as a reference for SAXS experiments and for preparing sample dilutions to obtain a range of protein concentrations between 0.5 and 4 mgÁmL À1 .
Nucleotide-bound proteins were dialysed using a Vivaspin concentrator (Sartorius) with buffer containing MgCl 2 and GDP or GTP analogues (GMPPNP and GMPPCP) at 1 mM and 10 mM. The flow-through was used as the reference for SAXS experiments and for preparing sample dilutions. Because the presence of nucleotide interferes with visible absorption spectroscopy at 280 nm (epsilon value), OD estimate could not reliably be used and protein concentration was estimated based on successive dilution and concentration steps. Concentrations were further confirmed by I 0 values obtained from SAXS scattering curve analyses.
Data collection and processing
Small angle X-ray scattering data were collected at the BM29 beamline (ESRF, Grenoble, France) [31] using a Pilatus 1M detector. The detector-distance of 2.9 m covers a momentum transfer range of 0.025 < q < 5 nm
À1
. SAXS experiments were carried out at 20°C with sample concentrations ranging from 0.5 to 4 mgÁmL À1 and sample volumes of 50 lL in a quartz glass capillary, using the automated sample changer. For each protein sample, data from the corresponding buffer was collected to provide a reference for the scattering background. For each measurement, ten frames were collected for which radiation damage was systematically investigated. One experiment was carried out on the apo form of the wild-type EngA using the online FPLC size exclusion purification system, in order to detect the possible presence of aggregates. As no difference was observed between scattering curves obtained with the FPLC setup and the sample changer, the latter one was used for all the experiments. Data processing was done with the ATSAS suite of programs [21] using the installation provided by SBGRID [32] . The forward scattering I 0 and the radius of gyration Rg were calculated using the Guinier approximation using PRIMUS. The calibration of the beamline was made with pure water and in such a way that I 0 /c indicates the apparent molecular weight in kDa. The distance distribution function P(r) and maximum dimensions Dmax were calculated using GNOM. Fitting of the experimental data and the theoretical scattering curves computed from the PDB structures 4DCU, 1MKY and 3J8G was done using CRY-SOL. Statistical validation of the fitting analysis was done by evaluation of the v 2 values between the different models.
For samples containing nucleotides, we observed that the concentration of nucleotide in the sample and the buffer did not exactly match, despite dialysis or the use of the concentration flow-through as reference buffer. Therefore, a scattering curve for the nucleotide I nucleotide (q) was measured by subtracting scattering curves corresponding to the buffer containing nucleotide and buffer without nucleotide. Then, a program was written to estimate the difference in nucleotide content between the buffer and the sample. 
